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MEASUREMEITTS OE A LOW- vJ 1110 MODEL III THE ROTATING JET 
AiTD COMPARISOil !fITH FLIGHT MEASUREMENTS* 
By ¥• Bader 

SUMMARY 



The present report deals v/ith s ix-c onponent measure- 
ments in the small tunnel of the DVL on a model of the 
BEW-M 271^1, which were made to determine the effect of 
rolling and yawing on the air forces and moments* The ex- 
periments v;ero carried out in a rotatin^^ air stream. Txie 
wind was given a spiral motion "by means of a rotating 
screen, the model hcing suspended in the conventional man- 
ner, 

Eron the findings, the following points are of spe- 
c ial interest : 

1) Ifith markedly increasing angles of yaw the maxi- 

mum lift shifts, to higher angles of attack; 

2) At lower angles of attack the drag is reduced dur- 

ing rolling; 

3) In the stalling range the drag is increased during 

rolling ; 

4) At high angles of attack the lateral force shows 

a reversal of sign; the effect of rolling on 
the lateral force is quite considorahle ; 

5) The pitching moment appears to "be relatively in- 

dependent of rolling; 

6) The yawing-rolling moment is very high in the re- 

gion v;oll "beyond stalling. 



*»'Messungen a-: eincm Ti of deckormodell im rotierenden Strahl 
und ihr Vergloich mit Elugme s sungen. " Luf t f ahrtf or schung, 
Bd- 16, Lfg. 2, pp. 104-111. 



2 



IT.A.C.A, TochniCc-1 Menorandun No. 910 



The lack of accuracy in the rncasurenent of the roll- 
iii^r-yav/inti: nouents v/as dis tiir"bin^iy noticca"blc, 

Tor conparison with the rnodel tests, several spin 
tests v/ore nadc in an airplane; the extrapolations, effect 
cd v/ith certain reservations, indicate that the enployed 
test method of rotating:; air stream affords in nany cases 
a practical ncans for the relatively simple prediction of 
the effect of rolling on the air loads and moments with a 
good dOt-;reo of acciira^cy. 



IITTRODUCTIOIT 



In the last fev; years the air loads and moments at 
high an^^les of attack have roceivod cons iderahle attention 
especially in British and U.S. research laboratories. 
Since in those prohlems it concerns first of all the ef- 
fect of rotation ahout tho v/ind axis at different angles 
of o.ttack and yaw, tho execution of the experiments, gen- 
erally on the so-callod spinning "balance, present in part 
considerahle difficulties. The fundamental advantage of 
this type of experiment is this: In free flovr the static 
pressure is constant and tho "boundary layer can, if neces- 
sary, follov/, in the sar.e manner as on the spinning air- 
plane, the centrifugal force. 

In spite of the great amount of data available it is 
still far from possi'blc to predict, even approximately ex- 
act, the course of tho aerodynamic quantities v/ithout 
measurements in a given particular case. Since, at the 
time of tlio test flights v/ith a low-wing monoplane of the 

2?'b 1 type, the wish for more accuro^te informo.tion 
a'bout the acrodyno.mic "behavior of the airplane had "been 
voiced, it was decided to r.ake som.e v/ind-tunnel tests 
v/ith the new spin recording; device developed "by Kram.er 
and Kruger (reference l) . These measurements are recount- 
ed hereinafter: First, it v/as intended to verify to v/hat 
extent tho viev/, expressed in tlio literature, of the in- 
dependence of the forces from, the rotation, important in 
the mathemo.t ical treatr.ent of the spinning problem, holds 
true in the present Ccaso. In particular, the course of 
the lateral force in relation to angle of attack, angle 
of yaw, and rotation v/ere to "be determined with a view to 
more accurate inform.ation a'bout the angle of yavr of the 
relative v;ind. On account of the knovm difficulties in 
the prediction of tho aerodynamic moments, the experiments 
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v/orc to explain the question clocidin^; the usefulness of 
the ncthod^ whether cr not the effect of the different in- 
fluential c[uantities is correctly reproduced in model 
test infj. 

In the new spinning halanco tjie nodel is suspended 
fron the conventional s ix-c onponen t "balance in the tunnel 
jet v/hich is {;;'iven spiral notion by a rotating screen. 
This type of cxporinent has, fron the rocordin^^ point of 
viev;, fundanental advantages over the operation on the 
spinnin^^ "balance; "but, as pointed out at the sane tine hy 
Kraner and Krilger, it also has one fundanental defect: 
the static pressure of the free flov/ is not constant. As 
a result of the centrifugal force applied at the jet the 
static pressure decreases a little according to a parabolic 
law fron the circunf erence to the jot center. Measure- 
nents disclosed a very close accord "between theory and ex- 
po r inent • 

The nonents induced hy the variable static pressure 
thenselvcs nay, at hi^^hor an^^lcs of attack v/here the tail 
is percept ilDly away fron the jet center, 'be ignored in the 
face of the elsov/here oxistin.{: instrunental inaccuracies. 
Another question is whether, as a result of the pressure 
gradient," a novenent of the "boundary layer ni^ht occur 
which could effect a su"bstantial change of profile charac- 
teristics^ This change would he in the opposite sense 
fron the flight test. Since, on the other hand, the speed 
of jet rotation in the tests was fairly low and furthernore, 
the drop in static pressure at jet center remained snail, 
no apprecia'ble effect on the profile characteristics through 
"boundary-layer movonent v/as anticipated. 



TEST FROCELUP.E 



In view of the orif;inal intention to include noasure- 
nents with the introduction of a spinning radius, the nodel 
was nade c onparat i vc ly snail. The lessened instrunental 
accuracy resulting therofron was, to a certain degree, 
aneliorated through the use of sufficiently sensitive neter- 
ing diaphragns. This was most difficult to achieve in the 
drag conponent neasurenents where, hecause of the snallness 
of the righting forces, it was difficult to get an exact 
reading of the zero reference values. Another drawback 
resulting from the snallness of the model v/as that the 
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value of X = £^ could, not increase excessively in the 

oxporinents. The best way for obtaining high speeds would 
have been with hi^i'h anr'^ular velocities at sufficiently 
hijf^h tunnel speeds, in order to run the test at the largest 
possible Hoynolds ITunbers* 

On account of the severe speed decrease duo to the 
rotatin-; screen, it w-.s ix^nprac t i cal to raise the dynanic 
pressure above oO k^/n^^ the naxinun wind-tunnel speeds 
used in spinn inr-balanc e tests, at which the strength of 
the nodel and incipient oscillations form an upper dyncxnic 
pressure linit. 

At this first trial of the new arrangcnent, the hif;h~ 
est dynanic pressure could not yet be utilized in spite of 
varior.s inpr o vonent s , because of difficulties v;ith the ro- 
tatin--; screen, which, for lack of tine, could not be ren- 
edied. Measuronents nade for naxinun-lift appraisal at 
15, 20, and 25 kc-i/n^ dynanic pressures nanifestod, in agree 
nent with other investigations, no appreciable influence 
of the Seynolds ITunbcr in this range; as a result the tests 
wore in general run at the low dynanic prc:>ssure of 15 kg/ns 
The choice of low tunnel speeds nade it possible to obtain 
fairly satisfactory rotation values and hence of the effect 
of rotation on the loads and nonents. 

Since, in view cf the difficulties, readily renoved in 
subsequent tests with tlie rotating jet, the Reynolds Uunbcr 
was disproxjort ionately snail, it v/as attcnptod to incren,se 
the equivo.lent Rey^iolds ITunber by neans of a turbulence 
grid built up of parallel round bars* It could not be 
mounted dov/nstrean fron the rotatin^^ screen, as it v/ould 
have destroyed part cf the created turbulence. A tiirbu- 
lence grid nade of radial bars which would have to be sol- 
idly nounted on the rotating screen would obviate this dif- 
ficulty. 

Lackin:; a hot-wire anenonctor, the turbulence neasure- 
nonts wore nade with a calibrating sphere (140 nn diancter) 
They gave a turbulence factor of 2.7 for the non-rotating 
jet and a nuch lov/cr figure for jet rotation (at a jet ro- 
tation of n = 2.5 s*"^, it dropped to around 2). However, 
it is very likoly that the still soncwhat crude test nethod 
is unsuitable for the rotating jet. The effective Heynolds 
ITunber at 15 kg/n^ dynar.iic pressure was 7.3 x 10"^' (refer- 
ence length: nean wing chord). 
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The dynanic prcsynro vras explored in the tunnel sec- 
tion povssinf;; throufih the axes of lift and lateral force; 
followinf^ several inprovonentc it could be kept quite uni- 
forn» AlthoU:^;h the distance of- the cited tunnel plane 
f ron the turbulence- r::rid anountod to about 70 tines the 
thickness of one r:rid v;iro, the dynanic pressure still 
proved to be (-^reatl^^ affected by the ^rid and nanifcsted 
a v/o-velike aspect alone;; one tunnel dianeter. This called 
for careful nounting of the dynanic pressur.e recorder, 
c onpr i s in<:'; three parallel Prandtl tubes whoso position in 
the free strocan had been so deternined fron previous tests 
that their rcadin.js qcivq the noan dynanic pressure with 
sui f ic iont accuracy • 

On accoaint of the c2;roat nass inertia of the rotating 
screen, it v/as cxperinen tally easier to plot a polar curve 
with fixed screen rotation and fixod anj^^le of yaw than to 
chanf:;e the rate of jet rotation at constant .an^^les of flow. 
Y/ith the chosen test procedure a ccnplote s ix-c onponen t 
neo-surenent took only about 10 ninutes. This tine interval 
could not be exceeded, v/ithout overheat in^;; the screen 
rollers, causing their destruction anid violent vibrations 
in the tunnel nozzle* 

A certain drawback of this test nethod is that the 
relation of the nononts to jet rotation is obtained at 
first in 'parej.iQtoT presentation and every section placed 
throuf^h expor inental ly obtained curves has in itself a cer- 
tain un c c r t a i n t y • 

j?i.;ure 1 shows the test arran^::enen t with nodel nounted, 

the rotatin/;; screen, turbulence grid, and anenoneter used 

for predicting--; the speed of rotation of the jet can be seen 
in the baclcc^o'^^^l • 

Most accurate f;eonetric similarity based on conpara- 
tive neasurenents v/ith the exper inent p-I a.irplane was striven 
for on the 20:1 scale vrooden nodel. It was fitted v/ith 
adjustable lateral and horizontal controls, but not with 
ailerons. In acreenent with this, the ailerons in the 
fli.j;ht tests were set at zero. I'o propeller v/as fitted, 
especially since the fli.;;;ht tests were nade at en^sine 
r.p.n. at \vhich the 2oroi)oller produced neither appreciable 
thrust iior drag. 

The hi:v;hly tapered winf: section has a taper ratio of 
1^:1^ = 0.35; an aspect ratio of A = 9.5, angle of tv/ist 
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of ai30ut 4^ and a 5^ di:iodral. In tho first third of tho 
scnispan (counted fron i^l.anc of synnetry) tlie airfoil is 
a Go 1 1 in^;;Gn &S 531; the cthor profiles over the ncan line 
arc thickened and flat toned , respect ively* A few data are 
reproduced ■ for cor.parison v/ith 1T,A.C.A» findinc.Ts: naxiuun 
canljer oJooiit 4.5 percent; hackv/ard position of naxinun 
coj-iter ahout 40 percent of the chord; thickness ahcut 7 
■^^ercent; which places the airfoil hetv/ecn 4417 and 5417 
of the IT.A.C.A* scries. 



SYMBOLS 



The axes and an^^^l 
correspond to the late 
The an-les in fir^ure 2 



indie; 



point fr^ 



positive an{^le of yav/ 
hoard wing; thus a pos 
right spin indicates t 
slip. While lift and 
tive, as usual, for li 
direction, the 1. -it oral 
of the positive ax 
are positive for posit 
axe s . 



OS arc defin 
St PALU Stan 
are plotted 
rr> v/hich tho 
indicates an 
itive value 
i.at the airp 
drag coeffic 
ft and dra.-^ 
force is v o 



1 s . 



Tae non 



ive rotation 



ed in fi^'^ire 
dard of none 

Ijos i t i ve ; t 
angles are c 

ad vo.n CO of 
of an,^le of 
lane is in a 
ient are cou 
in negative 
sitive if in 
cnt s , L , H , 

about their 



2. They 
nclatur 0 • 
he arrov/s 
ounted. A 
the star- 
yavr in a 
n outward 
ntod posi- 



or 



^a 



direct ion 

an d IT , 
respective 



The nonent coefficients are defined as 
Cj = rollin.;-; nonent; 

p itching nonent; 



q i< s 
M 



IT 



where 



and 



c^j = , yawing nonent; 

q?s 

s is half span; 
I , n e an vr i n g c h o r d . 



A positive control deflection corresponds to a nega- 
tive airx^lane roto^tion. Thus: 

/ ITogative elevator pulled hack 

^ Positive elevator pushed forvmrd 
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p / ne<:;ativc rudder to starboard 

^ V positive rudder to port 

Thus in a ri^;ht spin: r, < 0 , i < 0 indicates that ele- 
vator and rudder are deflected in a spin-pr on : t ing sense. 

Other synhols are explained in the text. 

As re^;^ards the aorodynanic nonents, the rolling: no- 
nent Lo = c ? s q refers to the axis, which with 

•^e 

the tunnel axis forms the angle of yav/ (shown nega- 

tive in fig. 5). The x^ axis is the track of the plane 
of symmetry of the model in the horizontal plane of the 
wind tunnel*. The pitching moment M = Cj^ P I q is re- 
ferred to the y transverse axis passing through the cen- 
ter of gravity. The conversion is "based on a i:)Osition of 
center of gravity 16 percent "bade from the mean wing chord- 
i.e., at a distance 2o/2>n from the plane of symmetry 
the position at vrhich the flight tests were made. The yaw- 
ing moment ="^11 s q is the aerodj/namic moment ahout 

the axis (lift axis). ?or purposes of com.parison with 

the flight-tost data, the yawing moment H = C]or F s q 
ahout the normal axis v/as also cor:puted** (fig. 13). 

TEST DATA 
a ) Air forces 

The height of the measured maximum, lift in considera- 
tion of the low Reynolds ITum.bcrs was very satisfactory. 
This is imx^ortant for the present measurements in viev/ of 



*In all plots and in the text, the angle of attack is ex- 
pressed as and the angle of yaw as , the subscript 
e indicating "experimental" and also "English." a is 
identical v;ith ae and P^, as seen on comparing figo. 2 
and 3. The different definition - resulting from the aero- 
technical standards - was, hov/evor, retained in order to 
prevent a mix-up at the present stage of transition where 
the old systems of axes are still being employed. 

** 11 = ITq cos 4- sin ; note the v/rong sign in L. 
Eopf's "Aerodynamik , " vol. 1, p. 270. 
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the relation of rollinr:; noinonts to lift di s t r ilDut ion • 
U.S. 'lirxoil tests nade in the hi;r--h-pre 3 sur e tunnel at 
lar.^o Reynolds Hunhcrs rn:ivc 1.47 as naxinun lift coeffi- 
cient for airfoil section 4418. This fif^uro is considered 
too hi>;::h becaiise of the strong; turbulence for vjhich that 
tunnel is knov/n. 

The polar neasurerien t s (fig. 4) r.iade at increased 
d^^noXiic pressure wherein the effect of the laterally in- 
cident \\rind v/as explored over a lo.rc^-e ran^^e of anfr^lo^ of 
yaw (to pQ= 30^) disclosed the following: 

3 c- 

1. IBelov/ naxinun lift, the {gradient — ^ decreases 

o 80 

with increasing; an^jlo of yaw Pq ; this decrease 

3c 

is c orr c spondinii;ly {greater than product ^ ^ 

""^^ Pe = 0 

X cos p Q ; 

2. As the ancl'^ of yav/ increases the lift naxinun 

shifts to hii^iher , v;ith scarcely any change 
in <^a^^^,,y: (slipping,); 

3. The narked drop in c^, after reaching-; naxinun, 

noderates v/ith increasin/^- anc-le of yaw. 

The effect of rollin^-; on lift and dra^ is illustrated 
in fi.';ure 5 for two different an^^les of yav; (0 and 5 per- 
cent outv/ard slip). 

The orif;inally oxiste2it left peak flattens out as the 
rate of rolling increases; in the higli stalling range, the 
lift is practically unaffected "by rolling. Of interest is 
the drop in drag at snail angles of attack due to rotation; 
this is due to the fact thp.t the half struck fron helov/ 
receives a higher lift - in relation to the nonentary local 
flow direction - than the half struck fron ahove. Since 
the greater lift is inclined slightly toward the nose of 
the airfoil, the sun of t'le projections on the nean flow 
direction yields a force directed against the flow and 
hence a decrease in drag. This phenoncnon is intensified 
as soon as the local lifting force on the half struclc at 
reduced .angles of attack is directed downv/ard; for in this 
case the lift projections acting against the nean flov; 
direction hocone additive in equivalent v/ixig sections (at 
distance ±y fron the plane of synnotry) . 
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On the other hand, since the tests in the range far 
heyond stalling'' disclose a distinct increase in drag with 
increasin.^' rate of rolling, tlie effect of the different 
geonctric orientation of the individual wing sections is 
investigated in the following, at lea,st as to the order of 
nagiii tude . 

According to figure 6, a v/ing strip of v^idth 1 at 
distance y from the axis of rotation has a drag* 

W(y) = i c^^(ao + a(o)cosa,jD c'a(ao + aw) ayji^ l(y) 1 ^^^qq 

In view of the intended comparison v/ith the experi- 
nental data, it may be considered as sufficierit to neglect 
the induced angle of attack and to use for c^y and "0^ 
the well-known coefficients c^.^^o ^i""-^- ^ao» ascertained 
in polar neasurcnents for the particular v/ing at A = 0 . 

TIi0i.;e omissions give after a few changes the simple 
term, for c^,^ as follows: 

=w - j r ; r-'C^-) 

^ / cos^ s 

- 1 

Prori this presentation, it is seen that, at small air- 
flov; angles o.nd average rotation values, the second summand 
"bel®w the integral produces a considerahlc decrease in to- 
tal dro.g merely for kinematic reasons (angle of attack and 
dynamic pressure changes) ; for on the half struck from he- 
low, c^ is substantially greater than c^^, hence the term 
with sin a^J is ?iot negligible in relation to cos term. 

On the other half, the lift may of course be sm.a.ller than 
the drag, but the product c^^ sin a^jj remains positive be- 
cause of the reversal of the lift sign. Calculations yield- 
ed for ao = -4^ and A ~ 0.37, a 6S-percent reduction in 
drag coefficient; the v;ind-tunnel tests shov;ed the same re- 
duc t ion (fig. 5) . 

¥ith sta.llcd v/ing, the drag-decreasing effect of the 
second term of the sum is lost, as the pertinent lift -compo- 
nents in equivalent wing stri]ps cancel approximately; the 



^Quantity aQ + a^j is hero as clsex\rhere to be considered c^s 
argument • 
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dra^-iiicrcas ing effect of the first tern of the sun "bccones 
30 nr.ch nore potent. The conditions arc particularly sin- 
plo v/hxon assunin^^' tlie c^^ curve to "be a paralDola as fp-r as 
a^,^^. and then a strai.ajht line in the stalling ran-^;e. In 
a conparison of identical v/ing strips at positive rotation, 
a starboard dras increase defines an exactly identical port 
draG decrease, to the extent that "both strips are coordi- 
nated to effective an.^les of attacl: "belon^c-inj^; to the 
strai.::;ht "branch of the c^,^ curve. But if» in t^iis example 
the X-^^^^"^ win/;: strix; achieves an an<?:le of attack 'belon;^'in{;; 
to the curved part of the dra^ curve, the drn,?:.; decrease is 
less; a rise in total d.vcc. is associated v/ith it then, - 
A calculation for a^, 25^^ and 7\ =0.37 yielded a 10- 
porcent dra?'; incrcnent, v/hich is in i-ood a-jreenent v/ith the 
expo r i:* en tal re suit s . 

Accordin(;ly , these argurAcnts have indicated the fol- 
1 ov/in . ^' : 

1. Rolling:; at lov/ o.nr^les of attack decreases the dra^; 

2. In the stallin/-^ ranr^'o the dra^^ is increased "by roll 

in;;^"; this increase is due to the difference 
cgq - o^nax> "^-^-^ na^nitude of rotation and the 
forn of the v/in.^^ (on a rec tpni.'mlar win,{^' the ef- 
fect is prooaoly ;r;reater than on a trian/rular 
winj^, heca-usc of the larger total drag contri- 
hution of the outer parts). 

The ahsolutc ar.ount of the lateral force renains in 
nost f].ic.;:ht stages sn.all conpared to the lift. But in a 
study of spinning, a nore accurate knov/ledge of the aspect 
of c^ nay "becone necessn,ry, since in the nathcnatical 
trcatrtont of the sx:)in the lateral force coefficient fre- 
quently occurs additiveljT- couijled v/ith snail qu<antities» 

At srvall .angles of attack, the rieasuron-.ent s up to near 
the angle of anax disclose a rise in lateral force of 

a c 



— =::0.4, alnost independent of (cf. fig. ?, v/here, 



SPe 

to sinplify natters, only the cvirve of c^ for one angle 
0 f s i d o s 1 i p i s 1 0 1 1 e d ) . 

In the zone heyond stalling, the reversal of sign of 
the later.al force is exceptional. It is due to the fact 
that cat greater angles cf air flov/, the wing acts a,s brake 
disk, v;hich causes an aerodynanic force in the direction 
of the advanced half of the v/ing. 
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The cfi2ct of rot.^'.tion on the lateral force proves 
to 1)0 cfLiite c ons i-.lora'blo . In absolute nat];nitnde within 
the zone of a steady vertical spin (hetv/oen 25^ and 35^ 
a render nornal load) it renains, however, so suall that, 
for the an-^-;lo of vav.^ed ilov/, for instance, it anounts to 
around 80''^ to 9 0^. * 



o) Monents 

T.'ie uieasur e;.ient s of the pitchin.^ iionent (fig. 8) 
nanifest, in accordance with the opinions voiced in the 
lictcratu.ro, re^^arding the effect of 3/awin^' and rotation, 
no a"bnorr.al doxjcndenco on the tv/o parar.ioters. Still, the 
lonf;itVudina,l noniont is a little norc influenced hy lateral 
incident wind than by rota.tion about the v/ind axis. In 
fifTurc 8, the nonont coefficient Cj,j referred to the air- 
plane center of f^rcavity at three definite control settings 
is shown for an outward slip of 3o = i^)^ at various 
rates 01 rotation. The curves are substantially parallel, 
since the nornal force c oef f ic ionts of a horizontal tail 
surface at different control deflections differ in ^'eneral 
nerely by an additive coiistajit. 

lJur.ior ic?vl conparison of coi^trol effectiveness v;ith 
theory is quite satisfactory; in the nornal flight Tan(;o 
the neasureiient for an elevator deflection of n = ±.30^ 
/^ives a nornal force coefficient ( q q assuned for 
3 impl ic ity) 

"^'^•^o ^ ^ 0.45 X 14. 73 X 1.34 
c, = = 0.80 

the vo,iue for Cj^j^ bein;; read fron fi.;^ure 8, the others 
fron the airplane dinensions. 

The theory .{•:ives appr oxir.at ely the sane value for the 
nornal force: the horizontal control surface of the M 27 b^ 

S Cn:; 

has 0.3 asjcct ratio of A = . 7 , hence = 6; with a. 

d an 

control area of around 38 porcont the value is around 



*This fi:_;ure is readily deduced fron a relation for the 
an}';le of yav; based on the steady spin. 
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0.7 VO./:-8 ^ 0.43 for — v/ith elevator har<l up; tlie fac- 

tor 0.7 for fully cloflectocl contrcl corresponds to the 
usual a ssuinpt ion respecting the the incipier..t loss of con- 
trol effectiveness. Hence the nornal force cooffj.cient is 



3 c^. 9 ar-T 

Ac,^,, = ^ ^ A ri = U.00 6 X 0.43 x 30 = 0,78 

" 8 a^, or] 

I'i^-ure 9 shows for }\ - 0 the yav/in/s-r ollinr^ iionont 
plotted against the an/^lc of attack; helov/ the stall this 
nonent is snail, dopendin^^ par t ic^.l.arly upon the shape of 
the v;in.; tip and the dihedral. On approachin.- the stall- 
in/^ an.:;le the yav/insr:-rollin{.-; nonent increases considorcahly , 
its ria::i:::u:.: rise hein.; coincident v/ith the position of 
naxinuu lift. One salient feature is the lar(^*e amount of 
the yav/inc-rollin^-; nonent in the re-::ion well "beyond stall- 
in^^. Since hi^^h lateral stahility nakes the steady spin 
very stahle af^ainst snail disturhancos this fact is of in- 
portancc for spinnin;:; invest i/>ati ons • The value of 

0.4 established hero is in .•':ood a-^'-recnent with 

those reported elsov/herc in the literature; for the yav/inr^- 
rollin-;: ."lonent in the sox:'aratcd zone appears to oe very 
little dependent on the desi^^^^ of the v/in^' and on th^^ di- 
hedral anf^le, because its hif-h ?.nount is lar^^oly due to the 
transport of boundary Icayer natorial toward the rearward 
shifter' winf; tip. 

In the prediction of the yawinc--roll in,-; nonent, it 
was found that, cat the snail an/'^les of attack 

is dependent on the anr^le of yav/ , v/hile the noj\o-j.t 



is constant over larr^'o an/^le of y.aw ranp:e in vhe stalled 
zone* As to the effect of the paranetcr of rotation on 
lateral stahility, the neasurenents pornit as yet of no 
definite aj:)prai sal . 

^he effect of the rotation about the winl axis on the 
rollin/; nonent is shovni for 3^ = 0''^ and 10^ (outward 

slip) in fir;ures 10 and 11. ?or the non-stalled ran.^e, 
the neasurenents give a danpin^j value ixi roll of 
6 c J 

« - 1.0. The calculation of the "oortinent tapered 

^.a 
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v/iiif,^ "by Mill th opp ' s thoor^^ ^^ivos the sane ariount, 

I:istal)ilit7 in roll at stall and recurrence of danp- 
i:i/- in roll at hi^^h an.^los of attac]: and higher rollin/^ 
velocities is v/ell reproduced in the neasur enent s . This 
danpinjj; in roll acc onpanyin.'^ the spin is appr oxioat cly 
half as .';reat as that at siiall an<^les of attack and sr.all 
A . 

A coLiparison of fi.'-^ures 10 and 11 discloses the well- 
]inov/n i:^.crease in aut orotat ion velocity for outward slip. 
Iloasur e-.cnt s at 5^ inv/ard slip (not reproduced here) hrin^ 
out the spin-rotardinr: effect of the inv/,ard slip p-nd hence 
the inportance of the yav/in.-; noxTients. 

The rise of the rate of aiit or otat ion in an outv/ard 
slip is chiefly due to a noverient of the "boundary layer 
nasses toward the rearward wing tip. This novenent takes 
place in the rotatinf; air strean a.-'^ainst the rise of the 
static pressure, fron v/Jiich it nay "be concluded accordinr;^ 
to the v.iOcasurericnt s tliat, up to t^ie enployed rotation val- 
ues of A 0,37 at least, the influence of tlie static 
pressure j:;:radient is not excessively d i s turh in ^-^ly effec- 
tive on the hotindar^'' layer novenent caused hy yawinr:. 

The danpin^rc ^'^^ roll is not ^affected "by elevator or 
rudder deflections, accordin-; to the expcrincnts; the 
lever an: fron ruddier t :) v/ind axis is not ahnorr.ially ^reat, 
even at hir.her an^^ies of attack. Interest in,^ aileron de- 
flection cxpcrinents could not "bo nado on the nodel. 

While the rollin.;; nonent is lar^'^ely caused hy the 
win/-:, the yo.yiinc nonent is duo in approxinat cly equal pro- 
portions to v/inG'j fusela{;'e, and lateral control surface, 
v/hich, in addition, no.y even have different si{^ns. Eenco 
the liriitcd instruncntal accuracy expected "beforehanc! in 
the predictioji of the yawin^i^ nonents, especially of the 
/];cnerally snail ya\/inf^ nonents in rollinf*. 

Fi:^•ure 12 j;ives the yav/in/;-nonent curves v/ithout ro- 
tation; note, with rudder deflection the hlanketinf'- effect 
of the rud'.er hy the elevcator and stahilizer in the stalled 
ranf^c. This hlanketinr-; effect is intensified if accon- 
panied hy x:>ushed--down elevator (not shov/n) even at snail 
flov; an.:les, so that the rudder effect drops 60 percent. 
In a side i^ind at very sncall an^-^los of attack, a slight 
rest or in..; yo.\i in r nonent (curve P = 10^, ^ - O") is created 
in consequence of the wind vane stability. 
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On a,pproachinc the tall thv? unsta"^ili z5-n£; winr; yav;- 
ing noncnt increases cons iderablv , and the directional 
stahility is lost; the flow on the shoved-hack v/in{^ tip 
"breaks av/a,y sooner as a result of the accur.rilat i on of 
"boundary layer natcrial than on the half shoved forv/ard. 
At further increasing anj^lo of attoxk the anplificd \f±n^ 
yoMiiic; nonent is /gradually superseded "by the lateral 
control surface nonent turning into the v/ind, althouj:;;h 
v/ealiened as a result of the "blanket inr^ effect* The accu- 
racy in the ycawin^^ nonent neasur orient s left nuch to ho de- 
sired in consequence of the cases previously descrihed 

For the purposed conxoarison v/ith the fli£:ht tests in 
figure 15, the yav/ing nonent coefficients ahout the nor- 
nal airplane axis are therefore plotted for several angles 
of attack hetv/een 15^ and 40^ with spin pronoting control 
deflections against the spinning factor X ^-^^^ ^e = ^ i 
if acconpanied hy a positive angle of slip (outward) the 
points of intersection of the curves v/ith the ctt zero 
r.xis shift toward the right. 

A conplcte reproduction of the tost data v/as fore- 
gone for the stated reasons, although qualitatively it v;as 
possible to include the effect of rolling on the ya.wing 
monent. (Thiis it afforded a negative yawing nonent in 
roll in the zone "below the stall.) Hence it is logical 
to exx^oct a satisfactory detorninat ion of the yav/ing no- 
nent in the rotating tunnel jet v/ith greater instrunental 
accuracy (higher dynanic pressure, use of larger nodol) • 
For, while the existence of a static pressure gradient nay 
cause a novenent of the "boundary layer nass, it cannot 
create a wing yawing nonent with linear superposition. 
The sane nay "be assuned to hold true for the fuselage and 
control surface yawing nonent: the drag nay perhaps he 
falsified at higher as a result of an air force to- 

ward the jot center hut not the drag difference of the 
port and starhoard side. 

PLISHT TESTS 



i"o conplete nunerical agreonent can ootain "between 
the nodel test data and those at full scale "because of 
the scale effect. Even so, it has heen proved in the 
foregoing that the effect of the five factors a, 3, /\, 
n, and ^ has heen reT)roduced substantially correctly in 
the wind-tunnel tests. With a viev/ to estahlishing the 
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relative clifforcncc cor.iparcd to flit'ht tests and particu- 
larly to verify whether the nodel tests sinulate approxi- 
nately under the sane conditions in a steady spin, a few 
expcrir.ent cil fli:;hts v/ore ".lade v/ith the M 27l> ^. 

During; these tests a so-called "autonatic ohserver" 
developed hy the DVL was installed in tlie airplane. It 
recorded three anr;;ular velocities ahout the three princi- 
jjal axes of inertia, the three nornal accelerations in 
the direction of the three axes, the sinking speed and 
the c n i n e r . X-^ • • 

In a steady spin (to which is solely referred 
herein) the equality of the resultant air force with the 
resultant nass force £^ives 

!fith the equality of the forces in direction of the path 
tan. :o:.:t giving;:' 



W 4- 



;in Y = 0 



the fli^:ht-path an/-le in the spin at "between -75^ and -9C^ 
and the^lateral force consistently snail nunerically, it 
follows that the dra^ is appr oxinat cly equal to the ^-ross 
wei.-vht and the lift equal to the centrifu^'al force. 

Ag stressed in the discussion of the lateral force 
Licasure:;.cnt s, the an^^le of the yawed flow in a steep spin 
is in general very ^-^reat and approaches a rif^ht anr^lc; 
owin-.: to this, the anrUe of attach and the absolute anount 
of the anf'lo of pitch ^re conplenont ary vfith, here, satis- 
factory accuracy to a ri;:;^-t an-'le, even if the an^lo of 
the flight path does not anount to -90'^ • Hence the an^lc 
of attach a is c.iyon hy 



c 0 s a 



Q 



The an.;le of yaw p can he conputed hy noans of the equa- 
tions of notion. A sinpler way is, as v/as done in these 
fliA'hts, to neasuro 3 hy neans of a hent nozzle; accord- 
in/::"to the flight records p ranged at hetwecn 0^ and 5^ 
outv;ard slip, 

With Ox, hy, and hg denoting' the neasured nornal 
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>-,ccclor,-tionr, of the airplane , the force e(.iuili>5riun .-.-ivoG 

fron v/hich the c ircunf ercnt ial speed Q H, the rrdius of 
spin R ana the fli,--'ht path annlc Y can lo dcterniiicd. 

Yariov.s pertinent airplojio data durin,; the fli-ht 
tests fcllov?: 

G/P = 46 IcG/n^, v/iu.; loadin,- 

i.. = 1.17 n, i-adius of inertia atout x axis 

~ radius of inertia about y axis 

ig = 1.7 5 II, radius of inertia ah out z axis 

Xg = 0.16 e.g. position hack 

The ahove tahle illustrates several test fli.-hts. 
rii:-hts 1 and 2 are left spins. fli,-ht 3, a ri;-ht "spin; 
thov nust differ even hy perfect airplane synr.:ctry, since 
the ,j7roscopic yawing; noncnt of a s in..-lc-onf-ine airr>lane, 
due to the propeller, is not nor-li.jihio. Pr.rthor differ- 
ences are caused h;- the difficulty of kocpinf the con- 
trols « 0°. r, ~ -300, ^ „ _3oo) identical deflec- 
tions durin^j the tests. 





Flight 1 


FliGht 2 


Flight 


A . . . 


-0.47 


-0. 57 


0.55 


a [°] . 


27. 5 


32.2 


24. 5 


C ♦ • • 


1.17 


1.3r5 


1 • 2 9 


S;- • • 


.50 


.63 


.56 


Cm« • • 


-.31 


-.45 


- . 33 


Cj^ X 10^ 


-3.2 


-5.7 


4 . 3 


C-j X 10^ 


-4.0 


-5.9 


5.9 
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Sij^.cG the spin factor A coulc'. not he raised ahove 
0.37 in the i-odel tests, any extrapolation ahove this 
fi{;;iire - for purposes of conparison with the flight tost 
data - i.uist he made with the reservation that on the 
houndar^■ la^er an airplo.ne spinning; at higher rates of 
rotation is not pressed outv/ard h^- the inertia, forces to 
such an extciit as to cause a suhstantial change of the 
profile characterist ic3 . 

In a conparison of the \''alues in the ahove tabula- 
tion \:/ith tjiose fror.i the model tests the hi^^^h lift coef- 
ficients of the test flights, not even appr oxinat ely ap- 
proached in nodel tests, stand out. Wind-tunnel tests 
with elevator pulled hack ^Heldcd lift coefficients of 
fron 0.96 to 1.00 in t:ie far ran^o heyond the stall. How- 
ever, the follov;in<-; should he noted; The v/ind-tunnel 
neasurenents thensclves indicate a certain incre:.ient of 
in several cases (conpare fi:-;. 5); hecause, since in 



c 



a 



first approximation it nay he assuned that 

A "t"^ c n o ( o^o + ) c ^'^ ^^<u ^ w oi^Q + a-^^) sin ayj 1 ( y ) / \ 

c^^. / 1 r^Hi; 

^ I cos^ auj 

under the sane premises as hcfore, t'lere is a possihility 
that at hic^-her rates of rotation the lift itself may in- 
crease as a result of locally chan£::ed flow conditions. 
Then ar;ain, it may he a case of insufficient instrumental 
accuracy availahlo in the free-flirht neasur enent s . But 
a definite answer to these questions must he held in 
aheyance pendinc^ additional flight test data. Installa- 
tion of improved equi^^'-'^'^^'t "t-^- autor.atic ohserver now 
under vray should afford more satisfactory lift coeffi- 
cients in flight. 

Compared with the values of fi^^-ure 5, the drac coef- 
ficients recorded in fli.:;ht are, on the v/holc, lower than 
for the model tests in spito of the hi^^her rotation values 
This was, of course, ac expected, since the scale effect 
is very noticeahle then. 

The pit chin^-moment coefficients chtained from the 
fli^:;htG are, on the other hand, in satisfactory agrconont 
with the curves of firure G. 

An appraisal of the roll- and ya\7in:^-nonent cocff i- 
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cicnts roqiiircG the nost exact knov/ledf:'^^o of the nagnitudo 
of the an.;;lo of yav/ ; here sone inprovenont is anticipated 
for the future tests. Because these two nonents o^re not 
neasured ahout nodel-fixed axes in the wind-tunnel tests, 
sono correction is necessary for a conparison v/ith fli.;ht 
test data. If this is effected for an anfle of attack of 
25^ on the basis of a 5^ outward slip, the extrapolation 
carried out under the earlier reservation of a rotation 
s one what a, hove 0.4, discloses an oquilioriun condition, 
if hoth the elevator and the rudder are fully deflected 
in the spin pronotin^,; sense. So, vrithin a certain de- 
gree of accuracy, the wind-tunnel data for the rollin^jj 
and yawin.^ nonent nay aliio he considered to he a^r^reeahle 
with the fli.-ht test data. 



Translation hy J. Vanior, 
llational Advisory Ccnnittee 
for Aeronaaitics . 
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figure 2.- Coordinate system. 




-fO 0 10 ZO 30 HO 



Figure 6«- Change of drag Figure 5.- Lift and drag coefficient 

during rolling. plotted against rate of 

rolling. 
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Fig». 7,8,9,10.11.12,13 
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Figure 7.- Coefficient of lateral 
force at 10^ angle of 

yaw. 
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Figure 8.- Coefficient of pitching 

moment at different 
control deflections. 




Figure 9.- Rolling moment in yaw 
against angle of 

attack a^. 
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Figure 12.- Coefficient of yawing 

moment at different 
control settings. 
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Figure 10-11.- Coefficient 
of rolling 

moment against ^ for 



Figure 13. -.Coefficient of 
yawing moment 

against at ^,=^0^. 
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